Abstract: Recent research indicated that reduced carcass muscling and weight are associated with beef dark cutting. Existing data from a single farm (44 heifers, 136 steers) from three normal beef quality grades (Canada AAA, AA, A) and the dark cutting grade (Canada B4) (n = 35, 106, 28, and 11, respectively) were used to identify relationships between sex, live animal, and carcass characteristics and the incidence of dark cutting. Categorical modelling showed a trend (P = 0.106) for heifer carcasses to have a greater probability [11.36 ± 4.78% standard error of the mean (SEM)] of dark cutting than carcasses from steers (4.4 ± 1.76% SEM). Mixed model analysis of variance indicated dark cutting heifers weighed less than cattle from normal grades at weaning (P = 0.0229) and slaughter (P = 0.0295). Logistic regression revealed that the probability of each carcass grade occurring was influenced by dry matter intake (DMI) (P = 0.0034), and the probability of dark cutting was lowest (P = 0.0286) in cattle with carcasses greater than 300 kg. Results suggested that cattle at risk of dark cutting may be identified by weight, average daily gain (ADG), and feed intake.
Introduction
Carcasses from cattle under 30 months of age that have a purple or dark red rib-eye muscle (muscularis longissimus thoracis, LT) 20 min after "ribbing" at the 12th-13th rib are considered dark cutting and graded Canada B4, whereas carcasses with normal rib-eye muscle color are sorted by marbling into Canada Prime, AAA, AA, and A grades, which are equivalent to USDA Prime, Choice, Select, and Standard. Dark cutting beef usually has an ultimate pH greater than 5.8 and is discriminated against by retailers because of its reduced shelf life (Koutsoumanis et al. 2006) and by consumers because of its abnormal appearance. In compliance with the Canadian Beef Carcass Grading Regulations (Canada Agricultural Products Act SOR/92-541 2014), dark cutting carcasses are downgraded to the Canada dark cutting grade (Canada B4) and their value is usually reduced to that of mature, over 30 mo old cattle. The price discount results in a direct financial loss to producers and can result in an individual carcass being discounted by as much as 40%. Dark cutting continues to occur and its incidence has increased in Canada within the last 10 yr from 0.8 to 1.3% (Beef Cattle Research Council (BCRC) 2013). In Australia the incidence of dark cutting is about 10% (Meat Standards Australia (MSA) 2010), whereas in the United States of America (US) the proportion of dark cutting has increased from 1.9% in 2005 (Garcia et al. 2008 ) to 3.2% in 2012 (Moore et al. 2012) . Recently, it has been indicated that improved muscling and carcass weight lowered the incidence of dark cutting (McGilchrist et al. 2012) , but there are contradictory reports about the effect of animal sex on the likelihood of dark cutting (Lorenzen et al. 1993; Mach et al. 2008) . Regardless of the animal and management factors involved, that muscle glycogen is insufficient to fuel post-mortem anaerobic glycolysis and reduce carcass muscle pH is the accepted cause of dark cutting. The persistence of dark cutting in the beef industry, despite significant research efforts and implementation of prevention strategies, as well as its concomitant economic loss to cattle owners, makes it worthy of continued research. The purpose of this study then was to relate the effect of sex, carcass conformation, and animal phenotypic characteristics to the frequency of dark cutting beef to test the hypothesis that the likelihood of a beef animal producing a dark cutting carcass can be predicted from live animal measurements.
Materials and Methods
The study was conducted on an existing data set with production and carcass measurements available; as a result, no animal ethics approval was required; however, animals in the data set were cared for in accordance with the Canadian Council on Animal Care (CCAC 1993) guidelines.
Data
Data from 180 cattle with live animal and carcass measurements were used for detailed analysis of the relationships between sex, carcass, and production phenotypes and the frequency of dark cutting. Data were collected from cattle on study from 2003 to 2011 on a farm in the province of Alberta, Canada. The cattle under study were Hereford (sire)-Angus (dam) crossbreds (n = 82) and purebred Charolaise (n = 98). Cattle were blocked by slaughter lot, with each block having data from at least one animal per carcass from each grade. Each slaughter lot was either all male (steers, bovine castrates, n = 136, 4 lots) or all female (heifers, n = 44, 2 lots). All the animals were processed at the same abattoir and assessed by the same graders for muscle score, grade marbling score, grade fat depth, and color. The carcasses in the data set were graded Canada A (n = 28), AA (n = 106), AAA (n = 35), and B4/dark cutting (n = 11).
Production and carcass data included animal weaning weight (WW, kg), dry matter intake (DMI, kg DM d −1 ), average daily gain (ADG, kg gain d −1 ), feed conversion ratio (FCR, kg DMI kg −1 gain), residual feed intake adjusted for ultrasound back fat (RFI fat , kg DMI d −1 ), ultrasound rib-eye area (uREA, cm 2 ), ultrasound subcutaneous fat depth (uFD, mm), ultrasound marbling score (uMS), animal slaughter weight (LW, kg), hot carcass weight (CW, kg), grade fat depth (gFD, mm), grade ribeye area (gREA, cm 2 ), and grade marbling score (gMS). The data also included animal age at the start of feeding concentrate diet (test age), days cattle were fed concentrate diet (days to finishing), and age at slaughter. Production and phenotypic measurements were performed similarly to that described by López-Campos et al. (2012 , while feeding concentrate diet. Dry matter intake was calculated by multiplying daily feed intake by feed dry matter, with daily feed intake measured using GrowSafe ® feeding stations (GrowSafe ® System Inc., Airdrie, AB, Canada) and feed dry matter estimated from pooled feed samples dried at 80°C in a forced-air oven to a constant weight. Feed conversion ratio was calculated by dividing average daily feed intake by ADG. Residual feed intake (RFI fat ) was calculated as the deviation of actual feed intake from expected feed intake and adjusted for ultrasound back fat (Basarab et al. 2003 (Basarab et al. , 2007 . Ultrasound back fat thickness, rib-eye area, and marbling score were estimated prior to slaughter using an Aloka 500V diagnostic real-time ultrasound with a 17 cm 3.5 MHz linear array transducer (Overseas Monitor Corporation Ltd., Richmond, BC, Canada) by a certified ultrasound technician as described by Brethour (1992) . Ultrasound and carcass subcutaneous fat depth, marbling score, and rib-eye areas were measured at the 12th-13th LT (rib-eye) muscle interface, which is the Canadian beef grading site. Both ultrasound and post-mortem rib-eye muscle marbling scores were categorized using the United States Department of Agriculture (USDA) scoring system (USDA 1997) where Canada A, AA, AAA, and Prime quality grade marbling corresponded with traces (Standard, 300-399), slight (Select, 400-499), small to moderate (Choice, 500-799), and greater than or equal to slightly abundant (Prime, 800-1099) amounts of marbling, respectively. Traces, slight, small to moderate, and greater than or equal to slightly abundant marbling equated to ultrasound marbling scores between 1.00 to 3.99, 4 to 4.99, 5 to 7.99, and 8 to 11, respectively. Slaughter live weight (kg) was calculated from initial feed trial weight added to the number of feeding days multiplied by the ADG.
The cattle were slaughtered at the Agriculture and Agri-Food Canada Meat Research Laboratory (Lacombe, AB, Canada). The carcasses were split and weighed to record hot carcass weight and then chilled for 48 h. After chilling, left sides of the carcasses were ribbed at between 12th and 13th ribs for assessment of gFD, gMS, and gREA, and assignment of quality grade.
Statistical analysis
All statistical analyses with the exception of principal component analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA). A generalized logit model was applied using the CATMOD procedure to compute the frequency of dark cutting in cattle in the data set. Analyses performed on phenotypic and carcass data included analysis of variance, Pearson's correlations, binomial and multinomial logistic regression, and principal component analysis (PCA). Data were used to examine the effects of sex and grade on live animal and carcass characteristics using the MIXED procedure with sex, grade, and their interaction as fixed sources of variation. Slaughter lot was confounded with sex and so lot within sex was included as a random term that served as the error term for sex. Breed was not included in the analysis because not all treatment combinations were represented when it was included in the design, but it was considered in the PCA. Kenward-Roger approximation was used to compute the denominator degrees of freedom. For analysis of variance of DMI and ADG data, body weight at the start of finishing was included as a covariate.
Where analysis of variance models were significant (P < 0.05), differences between means were identified using least-square means differences, with significance at P < 0.05. Linear relationships between independent variables were investigated using Pearson's correlations (PROC CORR) and the Bonferroni correction was used to compensate for the likelihood of type I significance error between measurements that were not independent from each other. There is an estimated 7% likelihood of type I error for 12 comparisons; therefore, a correction was made by dividing α = 0.05 by the number of comparisons (15) for a level of significance of P < 0.003 (Rice 1989) .
Binomial and multinomial logit regression models were used to examine trends in the data. For the binomial logit regression, data of cattle that produced normal (Canada A, AA, and AAA) carcasses were combined into one category (NORMAL) and compared with the data of cattle that produced dark cutting (Canada B4) carcasses (DARK) and the probability of being dark (yes or no) was modelled. In multinomial logistic regression, the response variables were the individual grades (Canada A, AA, AAA, and B4). In both binomial and multinomial logistic regressions, covariate analyses of live animal and carcass characteristics were conducted separately with sex as the treatment effect. Where correlations existed between the covariates, only the covariate that produced the highest R 2 in the model was included in the final analysis. Regression models were built using the backward selection procedure (α = 0.05) and included a set of uncorrelated variables with increased R 2 value. Goodness of fit for the binomial model was tested using the Hosmer and Lemeshow goodness-of-fit test, whereas graphs for predicted probabilities for both binomial and multinomial responses were obtained in SAS.
Principal component analysis (PCA) was performed using Unscrambler ® (Camo Scientific Inc., Woodbridge, NJ, USA) to identify the variables accounting for most of the variation between grades. Separate PCA were conducted for live animal and carcass measurements, and all measurements were transformed using the center and scale function of the software. Centering and scaling of data reduces differences in variation between measurements due to measurement numerical range, which can bias proportioning of variation within the analysis (Dijksterhuis 1994) .
Results

Categorical modelling analysis
The overall frequency of dark cutting in the data set was 6.1% and categorical (CATMOD) maximum likelihood analysis of variance indicated a trend (P = 0.106) for heifer carcasses to have a greater probability [11.36 ± 4.78%, standard error of the mean (SEM)] of dark cutting than carcasses from steers (4.4 ± 1.76%).
Analysis of variance
Results from the analysis of variance are presented in Tables 1, 2 , and 3. There were no differences due to sex for mean ADG, DMI, FCR, RFI fat , slaughter age, uFD, uREA, carcass weight, gFD, and gREA values (Table 1) . Animal sex influenced age at test (P = 0.0022) and days to finishing (P = 0.0009), with heifers older at beginning of test than steers and requiring a shorter period of time than steers to finish (Table 1 ). There was a tendency for steers to produce heavier carcasses than heifers (P = 0.0853) ( Table 1) .
Grade had no effect on age at test, ADG, FCR, uREA, days to finishing, or slaughter age (Table 2) . There was an effect of grade on RFI fat (P = 0.0437), uFD (P = 0.0016), carcass weight (P = 0.0098), gFD (P = 0.0005), and gREA (P = 0.037), with cattle that produced Canada AAA carcasses having a greater RFI fat than cattle that produced Canada A carcasses, and an uFD greater than cattle that produced all other grades of carcasses. Canada AAA carcasses also had greater subcutaneous grade fat at the 12th-13th rib (Canadian grading site) than Canada AA and A carcasses (P = 0.0005). Animals producing dark cutting carcasses (Canada B4) had a mean RFI fat value similar to all of the other grades, and were most similar to those producing Canada A and AA carcasses with respect to uFD ( Table 2 ). Grade tended (P = 0.059) to have an effect on DMI, where animals producing Canada AAA grade carcasses had a mean DMI (adjusted for starting weight at finishing) greater than the cattle that produced Canada B4 and A carcasses, whereas the mean DMI for cattle that produced Canada B4 carcasses was not different from cattle that produced Canada AA and A carcasses (Table 2) . Moreover, mean DMI calculated as a percentage of LW was greater for cattle that produced Canada AAA carcasses (1.72 ± 0.08%; P = 0.004) than all other grade categories, which were not different from each other (1.62 ± 0.08, 1.56 ± 0.09, and 1.59 ± 0.09% for Canada B4, AA, and A, respectively). Dark cutting carcasses (Canada B4) had a lower mean hot carcass weight and a lower mean gREA than Canada A and AA carcasses, but the means for both characteristics were similar to those means of the Canada AAA carcasses (Table 2) . Also, the mean gFD of dark cutting carcasses (Canada B4) did not differ from that of other carcass grades (Table 2) .
Heifers producing Canada B4 carcasses tended (P = 0.094) to have a mean ADG (1.23 ± 0.17 kg d −1 ) less than that of heifers producing normal carcasses (1.54 ± 0.18, 1.35 ± 0.15, and 1.41 ± 0.17 kg d −1 for Canada A, AA, and AAA, respectively); however, the interaction between grade and sex for ADG was not significant (P = 0.17) after adjustment for body weight at the start of finishing. Significant interactions between sex and grade were noted for weaning weight, live weight at slaughter, uMS, and gMS (Table 3 ). The mean weaning and live Note: Least-square means within a row lacking a common italic letter differ at P ≤ 0.05. a Canada carcass grades (A, AA, and AAA), categorized based upon rib-eye muscle marbling using the United States Department of Agriculture (USDA) scoring system (USDA 1997) (with Canadian equivalency), corresponded, respectively, to the USDA quality grades Standard/Trace (300-399), Select/Slight (400-499), and Choice/Small to Moderate (500-799), whereas Canada B4 grade stands for dark cutting. Probability of the F test, with significance at P ≤ 0.05. weights of steers were unrelated to grade, but the mean weaning and live weights of heifers that produced dark cutting carcasses were lower than those of heifers that produced Canada A and AA carcasses and were similar to those of heifers that produced Canada AAA carcasses (Table 3) . For uMS, steers that produced dark cutting carcasses (Canada B4) had a lower mean uMS score than heifers that produced a dark cutting carcass (Canada B4), but neither was different from cattle within their sex that produced Canada A and AA carcasses (Table 3) . Dark cutting carcasses (Canada B4) from steers also had a lower mean gMS than Canada AAA carcasses regardless of sex, which was also lower than that of the dark cutting carcasses of heifers (Table 3 ).
Pearson's correlations
Pre-planned correlations identifying linear relationships are presented in Table 4 with significance at P < 0.003 after the Bonferroni correction. Correlation results indicated that DMI was positively associated with RFI fat (r = 0.44, P < 0.0001), ADG (r = 0.71, P < 0.0001), live weight (r = 0.27, P < 0.001), uREA (r = 0.53, P < 0.0001), carcass weight (r = 0.58, P < 0.0001), and gREA (r = 0.48, P < 0.0001). Carcass weight was correlated with ADG (r = 0.39, P < 0.0001), live weight at slaughter (r = 0.60, P < 0.0001), uREA (r = 0.59, P < 0.0001), and gREA (r = 0.67, P < 0.0001). Residual feed intake (RFI fat ) was unrelated (P > 0.05) to live weight, uFD, uREA, uMS, ADG, gFD, gREA, and gMS. Feed conversion ratio (FCR) was negatively associated with ADG (r = −0.67, P < 0.0001) but positively associated with RFI fat (r = 39, P < 0.0001). Animal uREA, uFD, and uMS were, respectively, correlated (P < 0.0001) with carcass gREA (r = 0.61), gFD (r = 0.76), and gMS (r = 0.46), indicating a moderate prediction of carcass measurements from live animal measurements by ultrasound.
Logistic regression analyses
Binomial logistic regression using a binary logit model indicated no significant relationships between dark cutting status (yes, no) and live animal parameters. Binomial logistic regression between dark cutting status and carcass parameters showed that as carcass weight increased, the likelihood of dark cutting decreased (P = 0.0286) (Fig. 1) .
Application of a multinomial generalized logit model to live animal parameters indicated that DMI (P = 0.0034) and uMS (P < 0.0001) influenced the predicted grade, with a maximum rescaled R 2 value of 0.24. Predicted probabilities showed that the likelihood of dark cutting decreased as DMI increased when the whole data set mean for uMS (4.94) was used to calculate predicted probabilities (Fig. 2) . The probability of Canada AAA grade increased with uMS, but the relationship of dark cutting probability with uMS was less remarkable, showing a slight decrease as uMS increased (Fig. 3) .
Application of a multinomial generalized logit model to carcass parameters showed that carcass weight (P = 0.0145) and grade fat depth (P = 0.0002) were related to the incidence of grade with a maximum rescaled R 2 = 0.20. The predicted probability of dark cutting decreased as carcass weight increased when the data set mean for gFD of 8.89 mm was used in the prediction equation for carcass weight (Fig. 4) . The likelihood of dark cutting did not appear to be greatly affected by gFD when a data set mean for carcass weight of 316 kg was included in the prediction model, but carcasses were most likely to be graded as Canada AAA at gFD greater than 15 mm (Fig. 5) .
Principal component analysis
PCA described 51% of the variation in live animal measurements, with 30 and 21% of the variation on the first and second principal components, respectively (Fig. 6A) . 
Weaning weight (kg) 231ab (26) 191bc (17) 175cd (19) 154d (23) 232ab (13) 241ab (12) 246a (13) 545abc (44) 519bc (30) 487cd (33) 441d (39) 618a (23) 618a (21) 599ab (23) Grade marbling score c 380de (29) 439cd (8) 573a (12) 462c (18) 367e (8) 441cd (4) 530b (8) 410d (16) 0.0239
Note: Least-square means within a row lacking a common italic letter differ at P ≤ 0.05. a Canada carcass grades (A, AA, and AAA) corresponded, respectively, to the United States Department of Agriculture (USDA) quality grades Standard, Select, and Choice, whereas Canada B4 grade stands for dark cutting. Probability of the F test, with significance at P ≤ 0.05. c Both ultrasound and grade muscle marbling scores were categorized using the USDA scoring system (USDA 1997) with Canadian equivalency as follows, respectively: Standard/Trace (1 to 3.99 and 300-399), Select/Slight (4 to 4.99 and 400-499), Choice/Small to Moderate (5.0 to 7.99 and 500-799), and greater than or equal to Slightly Abundant/Prime (8.0 to 11 and 800-1099).
The first principal component (PC-1) illustrated that uMS and FCR increased as DMI, ADG, and uREA decreased and that DMI, ADG and uREA increased as WW and LW increased. The second principal component (PC-2) showed that FCR and uMS increased as WW and LW decreased (Fig. 6A) . Mapping of the individual animal data on to the correlation loadings plot showed that dark cutting (Canada B4) cattle were located in every quadrant of the PCA plot (Fig. 6B ), but dark cutting steers tended to be located in the centre and left half of the plot and dark cutting heifers on the right. The results indicated that dark cutting steers tended to have decreased values for DMI, uREA, ADG, WW, and LW on PC-2, whereas dark cutting heifers had increased uMS and FCR on PC-1 (Fig. 6B) .
Principal component analysis of the carcass measurements accounted for 76% of the variation in carcass measurements with the first two components, with the first and second principal components accounting for 48 and 28%, respectively (Fig. 7A) . Most of the variation in carcass data relative to Canada grade was accounted for by the first component axis (PC-1), with increased CW and gREA associated with reduced gFD and gMS. On the second component (PC-2), increased gFD and gMS were also related to slightly increased CW, suggesting two phenotypic relationship populations existed within the data set. Carcasses from dark cutting heifers tended to be located in the quadrants on the left side of the plot, suggesting reduced gFD, gMS, CW, and gREA were associated with dark cutting in heifers, whereas carcasses from dark cutting steers were located in both lower left and upper right quadrants, indicating that both reduced or increased CW and gREA were associated factors for steers (Fig. 7B) . Canada AAA carcasses were associated with increased gMS and gFD, whereas Canada AA carcasses were located on the right side of the score plot near increased CW and gREA (Fig. 7B) .
Discussion
Dark cutting continues to occur despite preventive measures, and in the US, the proportion of dark cutting has fluctuated, decreasing from 2.3% in 2002 (McKenna et al. 2002 ) to 1.9% in 2005 (Garcia et al. 2008) , then increasing to 3.2% in 2012 (Moore et al. 2012) . The incidence of dark cutting has also increased in Canada within the last 10 yr (Jones and Tong 1989; Donkersgoed et al. 1997 Donkersgoed et al. , 2001 BCRC 2013) . The incidence of dark cutting in the province of Alberta, Canada, has been as high as 3.7% (Murray 1989 ) and the frequency of dark cutting in the data set under study was higher than historical levels. The present study also revealed a trend toward increased frequency of dark cutting in heifers. Contrarily, the literature has reported the frequency of carcasses with a pH value greater than 5.8 to be greater for males than for females (Mach et al. 2008) and that steers have a greater incidence of dark cutting than heifers (Jones and Tong 1989) . Results of the present study, however, agreed with the findings of Murray (1989) Scanga et al. (1998) who also reported that intact heifers had a significantly (P < 0.05) higher incidence of dark cutting than steers and spayed heifers. Excitable temperament has been reported to be higher in heifers than steers (Voisinet et al. 1997b) , which has been related to an increased stress response (Fazio et al. 2012) , lowered muscle glycogen reserves, and increased frequency of dark cutting (Lawrie 1958) . Increased excitable temperament in heifers may be due to estrus behavior (Voisinet et al. 1997a ) because the proportion of carcasses with ultimate pH greater than 5.8 increased in heifers classified as "restless" and the proportion of dark cutting significantly increased when heifers exhibited standing heat (estrus) (Kenny and Tarrant 1988) . In that study, during late estrus, the frequency of profound dark cutting (pH > 6.0) was greatly increased by mounting activity, which significantly lowered the glycogen level in the longissimus muscle (Kenny and Tarrant 1988) . A reduction in the tendency of heifers to cut dark in subsequent years may have been due to the use of melengesterol acetate (MGA) (Jones and Tong 1989) , which suppresses estrus activity (Meyer 2001) . In the data set of the present study, the MGA status of the heifers was not known; therefore, the reasons for the observed increased frequency of dark cutting in heifers in the current study were not able to be confirmed. There did not appear to be any one live animal phenotypic characteristic that clearly identified the cattle that produced dark cutting (Canada B4) carcasses because at least one of these carcasses appeared in each of the live animal measurements PCA plot quadrants, substantiating that many phenotypes of cattle can produce dark cutting carcasses. These results also implied that the measurements analyzed in the present study, although extensive, may not have adequately captured all the sources of variation in beef quality. For example, data on usage of growth promoters, weather conditions, animal stress response while handling, and physiological state of heifers before slaughter were not available in the data set but bear consideration because season, animal temperament, growth promoters, and estrus in heifers can affect the incidence of dark cutting (Voisinet et al. 1997b; Kreikemeier et al. 1998; Scanga et al. 1998) .
Although no one characteristic appeared to define an animal that would produce a dark cutting carcass, decreased live weights in heifers and decreased carcass weight regardless of sex were related to dark cutting in the present study. Recent research by McGilchrist et al. (2012) indicated that increased hot carcass weight (greater than 220 kg) was associated with decreased incidence of dark cutting. Likewise, Murray (1989) reported that beef carcasses weighing greater than 318 kg had Fig. 7 . Principal component analysis correlation loadings (A) and scores (B) for carcass measurements related to animal breed, sex, and grade. Score acronyms: HC, dark cutting carcasses from Charolaise heifers; HX, dark cutting carcasses from crossbred heifers; SC, dark cutting carcasses from Charolaise steers; SX, dark cutting carcasses from crossbred steers; 3X, 2X, and 1X represent Canada AAA, AA, and A carcasses from crossbred cattle, respectively; 3C, 2C, and 1C represent Canada AAA, AA, and A carcasses from Charolaise cattle, respectively. Figure appears in color on the Web. one-half the incidence of dark cutting than those weighing less than 272 kg. Increased carcass weight may reduce the incidence of dark cutting because heavy carcasses are most likely to have increased muscle glycogen reserves (McGilchrist et al. 2012 ), a slowed chilling rate, and a rapid decline in post-mortem pH (Cliplef et al. 1989; Wulf et al. 1997; Aalhus et al. 2001) . These results agree with previous research which found that heifer carcasses that cut dark were associated with decreased mean carcass weight (Cliplef et al. 1989; Murray 1989) .
In the present study, PCA showed a cohort of dark cutting steers that not only had increased uREA, ADG, and DMI, but yielded large carcasses with increased REA at slaughter, indicating that the dark cutting steers were large cattle. McGilchrist et al. (2012) reflected that increased muscularity and fatness most likely indicated improved nutrition of the cattle and increased muscle glycogen reserves; however, increased musculature in the study of Hawrysh et al. (1985) was linked to increased dark cutting and was most likely indicative of rapidly growing cattle with reduced muscle energy reserves. Additionally, muscular animals with an increased proportion of fast muscle fibers (Wegner et al. 2000) may be most at risk of dark cutting with acute activity such as fighting or physical combat before slaughter, which greatly lowers muscle glycogen (Lacourt and Tarrant, 1985; McGilchrist et al. 2011) . The steers that produced dark cutting carcasses in the present study appeared most similar to the cattle of Hawrysh et al. (1985) that cut dark, and DMI was compromised in dark cutting cattle in the present study when live weight at the start of finishing was taken into consideration, suggesting that these steers may not have been ingesting sufficient feed for glycogen storage relative to their size.
Reduced feed intake has been associated with increased ultimate muscle pH (Pethick and Rowe 1996) because it lowers the muscle glycolytic capacity (Brandstetter et al. 1998; Gardner et al. 2006) available to decrease muscle pH post mortem; however, animals fed a high energy diet tend to maintain muscle glycogen reserves during stress and avoid the risk of dark cutting (Pethick and Rowe 1996; Immonen et al. 2000; Knee et al. 2004) . Muscle glycogen repletion rate in cattle is very slow, but repletion during the stay of an animal in lairage may play an important role in meat quality (McVeigh and Tarrant 1982) . Also, muscle glycogen repletion rate is lower in cattle that have already been fasted or had low dietary energy intake than in those fed high energy diets (McVeigh and Tarrant 1982; Pethick et al. 1999; Gardner et al. 2001) . Thus, reduced DMI may predispose cattle to have decreased hepatic and muscle glycogen contents (Yambayamba et al. 1996) and to cut dark. Feed intake could be depressed by acidosis (Brown et al. 2000) , subclinical disease, or estrus in heifers (Maltz et al. 1997) . Feeding an energetic diet has been reported to increase ADG and the decline in early post-mortem pH in beef (Harris et al. 1997 ).
Logistic regression, PCA, and analysis of variance results together supported the conclusion that heifers prone to dark cutting in the present study were small, early-maturing cattle that produced light weight carcasses with increased uMS and FCR and reduced gREA. Increased FCR is associated with reduced animal feed efficiency, which decreases as ADG decreases and body fat increases with age (Berry and Crowley 2013) , implying that dark cutting heifers may be early maturing. This was corroborated by a concomitant increase in back fat but not REA in the dark cutting Canada B4 heifers between time of ultrasound and slaughter, which would be expected of an animal at the end of its rapid growth phase. Improved lean beef color in general has been positively correlated with longissimus muscle area as previously noted by Shackelford et al. (1994) and McGilchrist et al. (2012) , who found that increased rib-eye muscle area (greater than 70 cm 2 ) was associated with decreased incidence of dark cutting. Increased muscling is associated with increased proportions of fast-twitch muscle fibers (Wegner et al. 2000) that, due to higher glycolytic activity, may result in an increased rate of pH decline and a light-red appearance (Dalya et al. 2006; Gardner et al. 2006) . Contrarily, dark cutting carcasses have been reported to have increased rib-eye area (Janloo et al. 1998 ) and data of Hawrysh et al. (1985) indicated that carcasses with rib-eye area greater than 80 cm 2 were in the dark cutting pH range of 5.7 to 6.5.
Principal component analysis indicated that both marbling score and fat depth at grading accounted for substantial variation between the grades, and this was expected because quality and yield grading in Canada is based upon intramuscular fat and subcutaneous fat depth. That grade fat depth and grade marbling scores were correlated indicated that energy deposition in these depots is usually related, and this relationship has been reported previously (Muir et al. 1998) . Although fat depth at grading was associated with grade and marbling score in the PCA results, the scores plot and analysis of variance indicated that these associations were driven by the "normal" Canada A, AA, and AAA animals rather than the dark cutting Canada B4 animals. Multinomial logistic regression substantiated that the association between fat depth and dark cutting was not strong, with the probability of a dark cutting carcass (Canada B4) decreasing only slightly with gFD above 20 mm. McGilchrist et al. (2012) also found that increased rib subcutaneous fat (greater than 20 mm) was associated with decreased incidence of dark cutting. Increased fatness has been associated with reduced incidence of dark cutting (Murray 1989) , and Page et al. (2001) reported that carcasses with fat thickness below 7.6 mm had darkened rib eyes and increased mean muscle pH. Low ultimate pH in relation to increased fat depth may be due to improved animal nutrition, which increases glycogen reserves along with increasing fat cover (Warner et al. 1998; McGilchrist et al. 2012 ). Harris et al. (1997) found that live weight, carcass weight, fat depth, marbling score, and initial decline in muscle pH early post mortem in carcasses from calves increased as the length of time the calves were fed a concentrate diet increased. In the present study, dark cutting (Canada B4) cattle had a mean fat depth of 8.90 ± 1.06 mm at carcass grading, well above the 7.6 mm identified by Page et al. (2001) , and analysis of variance results showed clearly that the mean gFD of dark cutting carcasses was not different than that of normal carcasses.
As expected, the level of LT muscle marbling in the present study was strongly related to grade, as marbling score is used to separate youthful beef carcasses into the four quality grades (Prime, Canada AAA, Canada AA, Canada A). The results showed that gMS of dark cutting carcasses was extremely similar to that of the Canada AA carcasses. A low probability of dark cutting with increased carcass marbling score (greater than 500) is in accordance with previous findings which showed that carcasses with low ultimate pH had a higher mean marbling score than those that cut dark (Janloo et al. 1998 ).
Conclusions
Results of this study supported acceptance of the hypothesis that the risk of dark cutting in cattle may be predicted using phenotypic measurements, particularly those measurements typically performed by producers that incorporate weigh scales and ultrasound into assessment of their cattle. Cattle most at risk of cutting dark in the present study were low body weight heifers and high body weight steers. Dry matter intake greater than 1.72% of animal body weight may lower the incidence of dark cutting beef. Dark cutting cattle, regardless of sex, produced carcasses with USDA grade marbling scores ranging from 410 to 439, decreased rib-eye areas, and reduced carcass weights. Although correlations between ultrasound and carcass fat values in the present data set were lower than reported in the literature (Brethour 1992; Greiner et al. 2003) , improvement in ultrasound technology since the recording of these data may increase the accuracy of predicting carcass grades and the likelihood of dark cutting. Incorporation of weather conditions, growth hormone use, estrus activity, preslaughter handling, and breed into statistical models also will likely improve prediction accuracy.
